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Abstract 
Specific environments such as the French Mediterranean coastline are characterized by steep catchments associated 
to a climate affected by high intensity rainfall events (over 1000 mm/hour). In such costal catchments, development 
of human activities and urban developments is very challenging and requests to address properly the issue of 
vulnerability for both water resources and infrastructures. In addition, the coastal area is frequently characterized by 
complex relationships between underground resources, rivers and sea. Due to the geological and the morphological 
conditions, the sediment management is a main issue for local communities. Under specific conditions and with a 
clear understanding of performance limits, 2D hydraulic modelling is a meaningful approach that can provide an 
accurate view on the physical processes within the river such as morphological dynamic. This paper develops a 
suitable methodology to build a 2D surface water flow model, including sediment transport in the lower Var valley, 
France, with MIKE 21 FM (DHI) modelling system. A sediment transport model – MIKE 21 Sand Transport (ST) - 
is used to find out the movement of sediments along the river. MIKE 21 ST is interfaced with the hydrodynamic 
module, MIKE 21 Flow Model (FM), which simulates the water level variations and flow in response to a bunch of 
forcing functions. The results allow to understand the sediment transport along the Var river and to analyse the 
impacts on the river-aquifer exchange areas. This approach can lead to carry out a model able to simulate properly 
the behaviour of physical processes within the river bed. 
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1. Introduction 
Groundwater is one of the most important water resources for people in the world in both rural and urban areas. 
Sometimes, freshwater sources are extremely vulnerable due to their strong exchanges with the river in terms of 
quantity and quality. With decrease of water resources associated with the climate change and growing demands, 
scientists need to consider groundwater and surface water as a single resource. Indeed, these two entities are 
interconnected and may have a deep impact between each other depending on their quantity or quality. Beyond this 
phenomenon, rivers are strongly influenced by their morphology [1,2]. River morphodynamics is the study of 
physical processes that control and maintain river environment [3]. Hence, understanding these complex 
morphological changes is a key issue for the knowledge of exchange areas between the river and the aquifer. 
1.1. The lower Var valley 
The lower Var valley river is located in the southeast of France (Fig. 1). This 22 km section connects the 
mountainous area and the Mediterranean Sea [4]. It drains water of a catchment of 2893 km2. The yearly average 
discharge is 50 m3/s, while the highest measured instantaneous discharge during flood peak can reach 3750 m3/s. 
 
Fig. 1. (a) North part of the lower Var valley; (b) southern part of the study area 
The alluvial aquifer is one of the main drinking water resources for the local population. Indeed, statistical results of 
recent years mentioned that 50 million m3 are extracted from this unconfined aquifer [5]. However, since several 
decades, the human activities (sediment extraction, urbanization, etc.) influence the water table behaviour. 
1.2. Key issue of morphological dynamic in the Var river 
Agricultural development, urbanization and sediment extraction, in the lower Var valley, caused morphological 
change. Indeed, dykes were built to protect population and agricultural land from floods; 15 million m3 have been 
extracted from the riverbed (corresponding to 150 years of natural sediment supply [6]). In addition, weirs were 
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constructed to increase the groundwater table. Actually, the riverbed extends from 150 to 280 m, this led to an 
increase of the water velocity. Thus erosions happened gradually and have been observed in many places along the 
river. Hence, these physical processes affect exchange areas between river and aquifer. According to measurements 
recorded by ADES Eau since 1970 (Fig. 2), the groundwater table decreases after weirs construction and after 2011 
flood event; increases after the 1994 flood event which has destroyed weir 2 and 3. Currently, a 3D hydraulic model 
of the alluvial aquifer in the lower Var valley describes the groundwater table at any location [7].   
 
Fig. 2. Groundwater table recorded close to weir 2 in downstream part of the Var river from 1970 to 2012 (Source: Portail d’accès aux données 
sur les eaux souterraines, http://www.ades.eaufrance.fr/) 
Beyond the morphological change due to human activities, physical dynamics of the riverbed is controlled by flood 
period which induces a reorganization of the sediments. In order to understand the morphological dynamics and its 
influence on the river-aquifer exchange areas, a numerical model must be set up. This paper presents the 
methodology to achieve a numerical model and the approach used to simulate properly morphological dynamics in 
the Var river. 
2. Data and Methodology 
The modelling of stream evolution requires computational modules to simulate the hydrodynamics and bed 
evolution. The 2D approach allows obtaining an accurate view of the processes if the development process is 
managed in the proper way. 
2.1. Data 
The period from 2009 to 2013 is significant for the Var river. Indeed, not only the river morphology has changed 
(Fig. 3), but also it contains two important events: a flood happened on November 2011 followed by a drought on 
July and August 2012. The return period of the 2011 flood event is equals to 10 years according to the Gumbel law 
and the peak discharge was 1190 m3/s. Actually, a deterministic distributed hydrological model is setting-up [8] to 
provide discharge which is upstream boundary condition for 2D hydraulic model of the lower Var valley. 
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Fig. 3. Comparison between the drainage lines from 2009 to 2014 in the lower Var valley 
In order to evaluate the morphological dynamic of the Var river two digital elevation models have been used: 2011 
and 2013. Such high-resolution and fully dimensional models of channel topography offer real potential to develop 
new ways of characterizing rivers and understanding braiding mechanics [9]. The morphological change resulting 
from the 2011 flood event can be revealed by subtracting the two surface models (Fig. 4). However, while this 
approach has much to offer in terms of geometrical characterization, the accuracy of the data affects the results and 
this method presents some limitations [9]. 
 
Fig. 4. Comparison between DEMs to identify sedimentation  
and erosion during 2011 flood event 
2.2. Hydrodynamic model 
Simulation of hydrodynamics has been carried out by solving 2D shallow water equations of mass and 
momentum thanks to the HD model of MIKE 21FM. To solve these equations using finite volume numerical 
methods, unstructured grids were used to define the topography of the study area [10]. Simulations generate 
unsteady two-dimensional flows in one layer fluids (vertically homogeneous). Flow and water level variations are 
described by the Saint-Venant equations (the conservation of mass and momentum integrated over the vertical) 
which are the following: 
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where, ݄ is the water depth [m], ݓ ൌ ܴ െ ܫ  is the net incoming flow rate [m/s], ݖ is the surface elevation [m], 
ሺ݌ǡ ݍሻ ൌ ሺ݄ݑǡ ݄ݒሻ are the flux densities in directions x and y respectively [m²/s], ܥ is the Chezy resistant [m1/2/s], ݃ 
is the gravitational gravity [m/s²], ݌௔ is the atmospheric pressure [kg/m/s²], ߩ௪ is the density of water [kg/m3] and 
߬௫௫ǡ ߬௬௬ǡ ߬௫௬  are the components of effective shear stress. 
The aim of hydrodynamic part is to compare suitable way to build a 2D surface flow model in the lower Var valley 
with MIKE 21FM. Focus is given in the implementation of hydraulic structures such as weirs, which are directly 
included in the topography or specified by an empirical law. 
2.3. Sediment transport model 
Simulation of bed evolution has been carried out with Sand Transport module in Mike 21FM which calculates the 
sediment transport capacity, the initial rates of bed level changes and the morphological changes for non-cohesive 
sediment due to currents. The sediment transport computation is based on hydrodynamics conditions and sediment 
properties. ST model takes in account bed load and suspended load. The first one is controlled by shear stress or 
stream power per unit and reacts instantaneously with the flow. The second one is characterized by a phase-lag in 
the transport compared to the flow. Bed load does not need advection-dispersion modelling, but two important 
effects must be taken into account: the deviation of the direction of the bed shear stress and the effect of a slopping 
river bed [9]. On the other hand, modelling of non-cohesive suspended sediment in a fluid can be described by a 
transport equation for the volumetric sediment concentration [11]. Van-Rijn model has been used for the sediment 
transport model [12,13]. 
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where, ܵ௕௟  is the bed load [m²/s], ܵ௦௟  is the suspended load [m²/s], ܶ  is the non-dimensional transport stage 
depending on critical friction velocity and effective friction velocity, ܦכ is the non-dimensional particle parameter, ݏ 
is the relative density of the sediment, ܿ௔  is the volumetric bed concentration [m], ݂  the correction factor for 
suspended load based on bed load, ܸ is the velocity [m/s]. 
The key parameter to determine the level change is the rate of bed level change at the element cell centers. This 
evolution of the bed is obtained with Exner equation which is the sediment continuity equation: 
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where, n is the bed porosity, z is the bed level [m], ܵ௫ is the bed load or total transport in the x-direction [m²/s], ܵ௬ is 
the bed load or total transport in the y-direction [m²/s], οܵ is sediment sink or source rate. 
Then, the bed is updated continuously through a morphological simulation based on the estimated bed level change 
rates. The aim of sediment transport part is to compare suitable way to build a model able to represent the 
morphological dynamics in the lower Var valley with MIKE 21FM and ST module. Focus is given in the 
construction of the riverbed geometry and the equations used to get the morphological changes. 
3.  Results and discussions 
3.1. Hydrodynamic results 
First of all, different geometries have been compared for the simulation of hydrodynamic. The strategy is 
discussed according to mesh resolution and needs regarding operational management. In order to obtain an efficient 
Mike 21FM model, several meshes have been created to simulate the same flood event. The study area has been 
represented by triangular discretization with different resolutions (5 m, 10 m, 15 m, 20 m and 25 m). Afterwards, 
triangular mesh has been compared with quadrangular mesh. Finally, hydraulic structures have been implemented 
with Villemonte weir formula [14], which is an empirical law. The flood event chosen for this set of tests is from 
3rd October 2015 to 6th October 2015, because of the availability of observed data. The comparison of models and 
observed data (Fig. 5.a) suggests that the 10 m resolution is the most accurate. The triangular discretization is more 
efficient to simulate the flow over the weir (Fig. 5.b). Implementation of structures requests many parameters and is 
not really representative of weir effects (Fig. 5.c). Furthermore, regarding to the velocities (Fig. 5.d) the use of 
empirical law for structures is the least suitable way to simulate weirs effects. 
 
 
Fig. 5. Comparison of water depth for (a) different resolutions; (b) different types of mesh; (c) different implementations of weirs; (d) comparison 
of velocities for triangular mesh, triangular mesh with structures and quadrangular mesh. 
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3.2. General morphological evolution 
In the lower Var valley, one of the main issues is to represent the weirs effects on the morphological dynamics. 
The sediment transport model takes into account bed load and suspended load. Consequently, simulation of the 2011 
flood event changes the bed level including the weirs. Hydrodynamics results demonstrated that implementation of 
structures disapprovingly influences the flow fields. But, three models have been compared to find an acceptable 
solution responding to the weirs effects on the morphology: the first one is defined by an uniform grain size, the 
second one is implemented with structures and the third one is defined by non-uniform grain size in order to stop the 
bed load which destroyed the weirs. The comparison of the bed level change for the three models (Fig. 6) shows that 
implementation of structures is the most appropriated to simulate physical processes in the riverbed for this part of 
the Var river. 
 
Fig. 6. Comparison of bed level change simulated by (a) ST model with uniform grain size,  
(b) ST model with structures and (c) ST model with non-uniform grain size 
The calculation of the bed evolution is based on hydrodynamics and sediment properties. Here, only sediment 
properties are not enough to describe the weirs effects on the morphological dynamics. 
 
Conclusion 
The topography resolution is a key parameter and, if properly adjusted, can allow developing a hydrodynamic 
model able to simulate the behavior of weirs. Sediment transport model has been built with discretization extracted 
from the hydrodynamic model. However, while triangular mesh (with a 10 m resolution) seems to be the best way to 
represent the flow fields over the weirs, it is not a suitable solution to simulate the bed evolution on the lower Var 
valley. Consequently, it requires implementation of structures with empirical law. For more details, it should be 
interesting to analyse the sensitivity of the model to use different sediment transport equations and apply this 
methodology on meandering parts of the Var river. Finally, sedimentation area will be characteristics of sealing area 
for the exchange between river and aquifer. 
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